Prediction of reaction barriers and force-induced instabilities under mechanochemical conditions with an approximate model: A case study of the ring opening of 1,3-cyclohexadiene JCP: BioChem. Phys. 6, 01B613 (2012) Prediction of reaction barriers and force-induced instabilities under mechanochemical conditions with an approximate model: A case study of the ring opening of 1,3-cyclohexadiene J. Chem. Phys. 136, 044102 (2012) Communication: The rotational excitation of D2 by H: On the importance of the reactive channels J. Chem. Phys. 136, 031101 (2012) Visualizing the zero order basis of the spectroscopic Hamiltonian J. Chem. Phys. 136, 024114 (2012) Additional information on J. Chem. Phys. We report a high-quality, ab initio, full-dimensional global potential energy surface (PES) for the Cl( 2 P, 2 P 3/2 ) + CH 4 reaction, which describes both the abstraction (HCl + CH 3 ) and substitution (H + CH 3 Cl) channels. The analytical PES is a least-squares fit, using a basis of permutationally invariant polynomials, to roughly 16 000 ab initio energy points, obtained by an efficient composite method, including counterpoise and spin-orbit corrections for the entrance channel. This composite method is shown to provide accuracy almost equal to all-electron CCSD(T)/aug-cc-pCVQZ results, but at much lower computational cost. Details of the PES, as well as additional high-level benchmark characterization of structures and energetics are reported. The PES has classical barrier heights of 2650 and 15 060 cm −1 (relative to Cl( 2 P 3/2 ) + CH 4 (eq)), respectively, for the abstraction and substitution reactions, in good agreement with the corresponding new computed benchmark values, 2670 and 14 720 cm −1 . The PES also accurately describes the potential wells in the entrance and exit channels for the abstraction reaction. Quasiclassical trajectory calculations using the PES show that (a) the inclusion of the spin-orbit corrections in the PES decreases the cross sections by a factor of 1.5-2.5 at low collision energies (E coll ); (b) at E coll ≈ 13 000 cm −1 the substitution channel opens and the H/HCl ratio increases rapidly with E coll ; (c) the maximum impact parameter (b max ) for the abstraction reaction is ∼6 bohr; whereas b max is only ∼2 bohr for the substitution; (d) the HCl and CH 3 products are mainly in the vibrational ground state even at very high E coll ; and (e) the HCl rotational distributions are cold, in excellent agreement with experiment at E coll = 1280 cm −1 .
I. INTRODUCTION
In order to gain understanding of the dynamics of polyatomic bimolecular reactions in the gas phase, the reactions of methane with F and Cl atoms have been extensively studied both experimentally and theoretically. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Following the early work on mode-specific dynamics of Cl + methane, performed in the groups of Crim, 2, 3 Zare, 13 and Orr-Ewing, 14 Liu and coworkers 1, 7 carried out crossed molecular beam experiments for both reactions, where they have been able to measure the correlated distributions of the product vibrational states. These experiments uncovered surprising results, namely, that (a) CH-stretching excitation enhances the DF + CHD 2 products in the F + CHD 3 reaction 1 and (b) the CH-stretching excitation energy is no more effective to activate the late-barrier Cl + CHD 3 reaction than the translational energy, 7 contradicting the Polanyi rules. 15 The first-principles computations of the above-mentioned correlated distributions, as well as the simulations of the experimental results, are challenging, but there has been progress toward accurate dynamical calculations for the F and Cl + methane reactions. In 2009 we developed a fulldimensional, ab initio potential energy surface (PES) for the F + CH 4 reaction, 8 which was recently improved by developing an ab initio spin-orbit (SO) correction surface to the 2006 by Castillo et al. 27 using Shepard interpolation and the QCISD/aug-cc-pVDZ + scaling-all-correlation level of theory. Also in that year, Troya and Weiss 12 reported a specific reaction parameter (SRP) semi-empirical Hamiltonian (SRP-MSINDO) for the Cl + CH 4 reaction allowing efficient on-the-fly computation of the PES. In 2011 Greaves et al. 28 showed that another semi-empirical Hamiltonian (SRP-AM1), which was previously optimized for the Cl + ethane reaction, can be used for the title reaction.
Following our earlier work on F + CH 4 , 8 the present Cl + CH 4 PES development uses an efficient composite electronic structure method. Composite ab initio methods have been widely and successfully used for thermochemical [29] [30] [31] [32] and spectroscopic 33 applications; in this paper we demonstrate their utility for polyatomic reaction dynamics studies. As a result, this Cl + CH 4 PES incorporates (a) basis set effects up to aug-cc-pCVTZ (correlation-consistent polarized core-valence triple-zeta basis augmented with diffuse functions); 34 (b) electron correlation up to the "gold standard" CCSD(T) method; 35 (c) the core-core and core-valence correlation effects; and (d) SO and counterpoise corrections for the entrance channel. Furthermore, the present PES describes both the major abstraction (HCl + CH 3 ) channel as well as the high-energy substitution (H + CH 3 Cl) channel.
Here, we report a detailed description of this PES and its ab initio characterization. The present study also provides new ab initio benchmark values for the energetics of the title reactions. We focus especially on the wells in the entrance and exit channels and resolve the conflicting conclusions in the literature regarding the well depth and its dependence on the orientation of the reactants for the former well. The benchmark barrier heights and reaction energies are obtained by the composite focal point analysis (FPA) approach, 29, 30 which considers a number of effects, such as (a) extrapolations to the complete basis set (CBS) limit using aug-cc-pVXZ [X = 5, 6] bases, (b) electron correlation beyond CCSD(T), (c) core electron correlation effects, (d) scalar relativistic effects, and (e) SO corrections, which were routinely neglected in previous studies.
After presenting the benchmark structures and energetics in Sec. II, we describe the computational details of the PES development in Sec. III. We show the accuracy of the composite method applied for the computation of roughly 16 000 electronic energies. Then we give the details of the global fit, which provides an analytical representation of the PES based on polynomials that are invariant under permutations of like atoms. 36, 37 In Sec. III we demonstrate the accuracy of the PES by comparing the structures, energetics, and frequencies to the new benchmark values. In Sec. IV QCT calculations are reported for the Cl + CH 4 reaction, using the non-SO and SO-corrected PESs. We focus on two main aspects of the dynamics, which, to the best of our knowledge, have not been studied before. First, we investigate both the HCl + CH 3 abstraction channel and the high-energy H + CH 3 Cl substitution channel. The latter has high barrier (14 720 cm −1 ); thus, it is closed at low collision energies. We consider collision energies up to 20 000 cm −1 ; thus, we can calculate the branching ratios of the H/HCl products. Second, we show the effect of the inclusion of the SO correction in the PES by comparing reaction cross sections obtained on the non-SO and SO PESs. We also show a comparison between the computed and measured HCl rotational distributions and also give the mode-specific vibrational energy distribution of the CH 3 product. Finally, a summary and conclusions are presented in Sec. V.
II. AB INITIO CHARACTERIZATION

A. Computational details
The benchmark electronic structure computations employed the augmented correlation-consistent polarized (Core-)Valence X Zeta basis sets, specifically the aug-ccpVXZ [X = 2(D), 3(T), 4(Q), 5, 6] and aug-cc-pCVXZ [X = 2(D), 3(T), 4(Q)] bases. [38] [39] [40] For the single-reference correlation methods the reference electronic wave functions were determined by the single-configuration restricted, as well as unrestricted, open-shell Hartree-Fock (ROHF and UHF) methods. 41 For treating electron correlation we used the restricted and unrestricted open-shell second-order Møller-Plesset perturbation theory (RMP2 and UMP2) (Ref. 42 ) and the coupled-cluster (CC) (Ref. 43 ) methods including all single and double (CCSD) and triple (CCSDT) excitations as well as the CCSD(T) (Refs. 35 and 44) and CCSDT(Q) (Ref. 45 ) methods including perturbative triple (T) and quadruple (Q) terms. For open-shell systems the CC computations employ the ROHF-UCCSD and ROHF-UCCSD(T) formalism, whereas the post-UCCSD(T) computations were performed based on UHF orbitals. The two different formalisms provide the same energies within 1-5 cm −1 ; therefore, in the following text the UCCSD, UCCSD(T), etc. abbreviations will be used regardless of the reference orbitals, which are precisely defined above. Finally, we note that in this study FC denotes the use of the usual frozen-core approach for the electron correlation calculations, while AE means computations when all the electrons are correlated.
All the electronic structure computations up to UCCSD(T), including geometry optimizations, harmonic frequency calculations, and single-point energy computations, were performed using MOLPRO. 46 The MRCC program 47, 48 (interfaced to CFOUR (Ref. 49)) was employed for UCCSDT and UCCSDT(Q). Some of the large UCCSDT computations were performed by CFOUR. The scalar relativistic effects were computed using Douglas-Kroll 50 relativistic one-electron integrals as implemented in MOLPRO. The multi-reference configuration interaction (MRCI + Q) computations using the Davidson correction to estimate the effect of the higher order excitations (+Q) as well as the spin-orbit calculations with the Breit-Pauli operator in the interacting states approach 51 were also performed by MOLPRO. These MRCI calculations utilized an active space of 5 electrons in the 3 spatial 3p-like orbitals corresponding to the Cl atom.
The benchmark relative energies were determined following the FPA approach. 29, 30 The FPA employs the best reference structures, i.e., geometries obtained at AE-UCCSD(T) with aug-cc-pCVTZ, aug-cc-pCVQZ, and aug-cc-pCVQZ for the barrier height, dissociation energy, and reaction enthalpy calculations, respectively. Single-point electronic structure FIG. 1. Potential energy curves of CH 4 -Cl as a function of the C-Cl distance along the C 3v axis with fixed CH 4 (eq) geometry and CH-Cl (upper panels) and HC-Cl (lower panels) linear bond arrangements computed at the frozen-core MRCI + Q/aug-cc-pVTZ level (left panels) and all-electron CCSD(T)/aug-ccpCVXZ (X = D, T, Q) level, where +CP indicates the use of the counterpoise correction (middle panels). The right panels show the potential curves obtained from the non-SO and SO-corrected ground state PESs. A 1 and E denote the ground and excited non-SO electronic states, respectively, and SO 1 , SO 2 , SO 3 are the three spin-orbit states. The middle panels show the A 1 state only at different levels of theory. The energies are relative to Cl( 2 P) + CH 4 (eq). The data shown in the left and right panels were also reported in Fig. 2 in Ref. 18. computations were performed at the above-defined reference structures considering (a) extrapolations to the CBS limit using aug-cc-pVXZ [X = 5, 6] bases; (b) electron correlation beyond UCCSD(T) by performing UCCSDT/augcc-pVTZ and UCCSDT(Q)/aug-cc-pVDZ (in some cases UCCSDT(Q)/aug-cc-pVTZ) computations; (c) core electron correlation effects as difference between AE and FC UCCSD(T)/aug-cc-pCVQZ energies; (d) scalar relativistic effects at AE Douglas-Kroll UCCSD(T)/aug-cc-pCVQZ level; and (e) SO corrections obtained from the experimentally known SO splitting of the Cl atom.
The ROHF energies, E HF X , and the electron correlation energy increments, E corr.
X , obtained by the corresponding augcc-pVXZ basis set, have been extrapolated to determine the CBS limits, E HF CBS and E corr.
CBS , respectively, employing twoparameter formulas, 52 , 53
and
In order to get the best estimates for the CBS limits using the above asymptotic formulas, the best two energies were used in the extrapolations, which means the X = 5 and 6 values up to UCCSD and X = 4 and 5 for some of the UCCSD(T) energy increments.
B. Entrance channel van der Waals region
Figure 1 presents the potential curves for the entrance channel showing the van der Waals (vdW) well with CH-Cl and HC-Cl C 3v bond arrangements. There are contradictions in the literature on the depth of this well. A study reported that the well at both configurations is about 100 cm −1 deep, 12 in disagreement with the present results. We found that a source of these contradictions is that two electronic states are close to each other at this region (see Fig. 1 , left panels) and a single-reference ab initio method can fail to converge to the right state. The present MRCI + Q results show that the excited electronic state has minima along the C 3v axis with CH-Cl and HC-Cl bond arrangements with depths of about 100 cm −1 for both, whereas the electronic ground state gives well depths of 100 and 300 cm −1 , respectively. Furthermore, the SO correction decreases the depth of the latter by 100 cm −1 , but the HC-Cl vdW well still remains the deeper minimum. In order to benchmark the above energies we performed AE-CCSD(T)/aug-cc-pCVXZ [X = D, T, Q] computations for the electronic ground state potential with and without counterpoise corrections for the basis set superposition error (BSSE). As Fig. 1 (middle) shows the aug-cc-pCVDZ basis provides too deep vdW minima due to the large BSSE; however, the computed counterpoise correction overestimates the BSSE and gives too shallow vdW region. As the basis size is increased to TZ and QZ we see that the potentials with and without BSSE correction converge to each other as seen in Fig. 1 (middle panels) . We found very good agreement between the benchmark AE-CCSD(T)/aug-cc-pCVQZ and the MRCI + Q/aug-cc-pVTZ ground state potentials, indicating that the presented MRCI + Q potential curves are reasonably accurate for all the non-relativistic and SO states.
C. The Cl + CH 4 → HCl + CH 3 reaction
The structures of the first-order saddle point (CH 3 -H bCl) SP , complex in the product channel (CH 3 -HCl), and the reactant and products computed at different levels of theory are given in Tables I and II . The benchmark FPA results for the classical barrier height, D e of (CH 3 -HCl), and reaction endoergicity are given in Tables III-V. The abstraction reaction has a late barrier, i.e., productlike structure, as seen in Fig. 2 . Indeed, the C-H b distance (1.397 Å) is significantly stretched by 0.309 Å relative to the CH bond length in CH 4 . The H b -Cl distance is 1.443 Å at the saddle point, which is longer than the bond length of the HCl molecule by only 0.168 Å. The UMP2 method gives reasonable estimates for the saddle-point structure; it underestimates the C-H b distance by about 0.05 Å and overestimates the H b -Cl distance by about 0.01 Å relative to the UCCSD(T) results. The point-group symmetry of the saddlepoint structure is C 3v regardless the level of theory. Note that for F + CH 4 the saddle point has C 3v symmetry at UMP2 level, whereas the more accurate UCCSD(T) method gives C s saddle-point structure with α(C-H b -F) ≈ 150
• . 8 This bent saddle-point structure is unique for F + CH 4 among the halogen + CH 4 reactions, since our recent computations showed that the Br and I + CH 4 reactions have collinear C 3v saddle points, 54 similar to Cl + CH 4 . Our best estimate for the classical barrier height is 2670 ± 40 cm −1 . (Note that the uncertainty is based on the results obtained at systematically increased levels of ab initio method and basis as shown in Table III .) Electron correlation plays an important role in the accurate determination of this key energy. The ROHF method overestimates the barrier by roughly 6600 cm −1 , UMP2 underestimates it by ∼400 cm −1 , and UCCSD overestimates it significantly by ∼900 cm −1 . One has to employ at least the UCCSD(T) method to achieve reasonable convergence; the post-UCCSD(T) correlation contribution is only about −40 cm −1 based on the UCCSDT and UCCSDT(Q) computations. There is also a significant basis set dependence on the barrier height. The aug-cc-pVXZ bases overestimate the barrier by 340, 270, and 70 cm −1 for X = D, T, and Q, respectively. The contributions of the core electron correlation The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations.
and scalar relativistic effects are small, −21 and −6 cm −1 , respectively. However, the SO effect is significant, since it effectively increases the barrier by 294 cm −1 . We took all the above effects into account; thus, we arrived to the new benchmark value for the classical barrier height (2670 ± 40 cm −1 ). (Note that a recent study 28 reported a classical barrier height of 2385 cm −1 obtained at CCSD(T)/CBS//CCSD(T)/aug-ccpVTZ, which value is slightly smaller than our more rigorous CCSD(T)/CBS value of 2440 cm −1 and much smaller than our benchmark value of 2670 cm −1 . The difference in the CBS value is due to the fact that Ref. 28 extrapolates from TZ and QZ results, whereas we use more accurate 5Z and 6Z energies to determine the CBS limit. The main reason of the large difference between the final benchmark values is that Ref. 28 neglects the SO effect.) Furthermore, applying harmonic zero-point energy (ZPE) correction we get the final vibrationally adiabatic ground state barrier height of 1200 ± 200 cm −1 , whose larger estimated uncertainty is due to the uncertainty of the ZPE correction, especially the effect of the vibrational anharmonicity.
The well in the product channel, of C 3v symmetry, has equilibrium C-H b and H b -Cl distances of 2.236 and 1.284 Å, respectively, obtained at the AE-UCCSD(T)/aug-cc-pCVQZ level of theory. The latter is just slightly longer than the bond length of the HCl molecule (1.274 Å). As Table IV shows, the FPA analysis of the D e is well converged; the post-UCCSD(T) correlation effect is only +5 cm −1 . The aug-cc-pVXZ bases with X = D, T, Q, 5, and 6 overestimate the D e by 134, 87, 46, 26, and 13 cm −1 , respectively, relative to the CBS limit. After applying the minor correction for core electron correlation (+9 cm −1 ) and the scalar relativistic effect (+14 cm −1 ), the final accurate D e is 820 ± 10 cm −1 . We expect this relatively deep well to affect the product state distributions, especially the rotational and angular distributions. In Fig. 3 the variation of the potential of this well is shown as a function of the C-Cl-H b angle keeping all other coordinates fixed at their equilibrium values. As seen, there is a fairly steep dependence on this angle, indicating a significant orienting force for the collinear C-H b -Cl configuration. More discussion of the dynamical effects of this hindering is given in Sec. IV. Also, because this well is much deeper than the entrance channel one, it is of interest to investigate whether it supports a bound state. We estimate this using the harmonic ZPE. Based on that, we estimate D 0 to be 350 ± 50 cm −1 . We do not report a similar harmonic analysis for the entrance channel well because the motion in that shallower well is likely much more anharmonic than the exit channel one. Thus, we believe that a harmonic analysis of whether there is a bound state in the 
a The results correspond to the structures optimized at the all-electron UCCSD(T)/aug-cc-pCVQZ level of theory. The symbol δ denotes the increments in D e with respect to the preceding level of theory. Brackets signify assumed, non-extrapolated, increments from smaller basis set results. The final FPA result was previously published in Ref. 18 . The bold numbers are the final FPA results with and without small corrections (core, relativistic, and SO). b The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations. 
a The results correspond to the structures optimized at the all-electron UCCSD(T)/aug-cc-pCVQZ level of theory. The symbol δ denotes the increments in E e with respect to the preceding level of theory. Brackets signify assumed, non-extrapolated, increments from smaller basis set results. The final FPA result was previously published in Ref. 18 . The bold numbers are the final FPA results with and without small corrections (core, relativistic, and SO). b The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T), electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations.
shallow entrance channel well would be too unreliable to report.
The abstraction reaction endoergicity is 2090 ± 20 cm
relative to Cl( 2 P 3/2 ) + CH 4 (eq). In order to achieve this high accuracy, significant basis set effects as well as the SO correction were taken into account. The aug-cc-pVXZ bases with X = D, T, Q, 5, and 6 overestimate the reaction endoergicity by 639, 465, 181, 19, and 1 cm −1 , respectively, relative to the CBS limit. This shows good convergence to the CBS limit; however, it is important to note the poor performance of the DZ and TZ (even QZ if high accuracy is aimed) bases. The SO correction has an effect of +294 cm −1 on the endoergicity. Furthermore, the scalar relativistic effect is also not negligible, since it is +40 cm −1 . If we take the significant anharmonic ZPE correction (−1730 cm −1 ) into account, we arrive at the final 0 K reaction enthalpy of 360 ± 30 cm 
D. The Cl + CH 4 → H + CH 3 Cl reaction
The structures of the first-order saddle point (H b -CH 3 -Cl) SP (see Fig. 2 ) and the reactant and product molecules computed at different levels of theory are given in Table VI . The benchmark FPA results for the classical barrier height and reaction endoergicity are given in Tables VII and VIII,  respectively. At the saddle point the C-H b distance is 1.540 Å, i.e., significantly stretched relative to the CH bond length of CH 4 (1.087 Å). The C-Cl distance (2.014 Å) is longer by 0.230 Å than that of the CH 3 Cl product. The saddle-point structure is already inverted, since the α(H-C-Cl) bond angle is 97.0
• , i.e., larger than 90
• , though less than the same bond angle in CH 3 Cl (108.4
• ). The classical barrier height for the substitution reaction is 14 720 ± 80 cm −1 , a much higher barrier than that of the abstraction reaction. The basis set effect on the barrier height is significant, since the aug-cc-pVXZ bases with X = D, T, Q, 5, and 6 give too high barrier by 854, 475, 185, 52, and 41 cm −1 , respectively, relative to the CBS limit. Furthermore, the post-UCCSD(T) electron correlation effects are also significant, i.e., lower the barrier by about 100 cm −1 . As for all the other energies relative to Cl + CH 4 , the SO effect increases the barrier by 294 cm −1 . The harmonic ZPE correction lowers the barrier by 1134 cm −1 ; thus, the vibrationally adiabatic ground state barrier height is 13 590 ± 120 cm −1 . The benchmark endoergicity of the substitution reaction is 8810 ± 50 cm −1 , which is much higher than that of the abstraction reaction. The harmonic ZPE correction decreases the endoergicity by 1515 cm −1 ; thus, the 0 K reaction enthalpy is 7300 ± 100 cm −1 (the accuracy could be improved by applying anharmonic ZPE correction). The experimental value (0 K) based on the NIST database is 7450 ± 60 cm −1 indicating that the harmonic ZPE correction is too large, as expected. One has to employ at least the UCCSD(T) method to get accurate endoergicity, since ROHF overestimates by 1175 cm −1 , UMP2 underestimates by 1687 cm −1 , and UCCSD overestimates by 810 cm −1 relative to UCCSDT(Q). The error of UCCSD(T) relative to UCCSDT(Q) is only 22 cm −1 , which is a good example why the UCCSD(T) is called the "gold standard" of electronic structure theory. As shown in many cases before, large basis sets are needed for quantitative accuracy, since the aug-cc-pVXZ bases overestimate the endoergicity by 1135, 706, 298, 80, and 47 cm −1 , for X = D, T, Q, 5, and 6, respectively. The core electron correlation correction (−28 cm −1 ) and scalar relativistic effect (+34 cm −1 ) almost cancel each other, whereas the SO correction, again, increases the reaction endoergicity by 294 cm −1 . The summary of the FPA analysis for both reaction channels is given in Table IX and a schematic of the global PES showing the stationary points and the benchmark energetics is given in Fig. 4 . In order to achieve the high accuracy of the above-described relative energies it was essential to employ large basis sets (in many cases even the aug-cc-pVQZ basis was found not large enough) and extrapolations to the CBS limit. Note that the uncertainty of the CBS extrapolation significantly decreases if one uses large basis set data 
a The results correspond to the structures optimized at the all-electron UCCSD(T)/aug-cc-pCVTZ level of theory. The symbol δ denotes the increments in V SP with respect to the preceding level of theory. Brackets signify assumed, non-extrapolated, increments from smaller basis set results. The final FPA result was previously published in Ref. 18 . The bold numbers are the final FPA results with and without small corrections (core, relativistic, and SO). b The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations. The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations.
(X = 5 and 6 in the present study). The post-UCCSD(T) electron correlation effect was the largest on the barrier height of the substitution reaction, although it decreases the barrier by only 1%, since the barrier height is a large value. The SO energy shift of the reactant asymptote cannot be neglected since it is larger than the uncertainty of the present benchmark FPA study.
III. GLOBAL AB INITIO POTENTIAL ENERGY SURFACE
The analytical full-dimensional PES is a permutationally invariant fit to high-quality ab initio energy points. We present below the details of the ab initio computations and the fit and then we show the accuracy of the PES by comparing to the new benchmark data described in Sec. II.
A. The ab initio data
The accuracy of the ab initio energy points determines the quality of the PES; therefore, it is important to use an electronic structure method that gives reasonably accurate energies. However, one also needs to consider the computational cost, since a global fit usually requires more than 10 000 data points, whose high-level computations can be very time consuming. In order to achieve the best accuracy with affordable TABLE IX. Summary of the focal-point analysis results (in cm −1 ) including the effects of the core electron correlation (Core), scalar relativity (Rel.), the spin-orbit (SO) couplings, and zero-point vibrational energy (ZPE) for the barrier heights and enthalpies of the Cl + CH 4 → HCl + CH 3 and H + CH 3 Cl reactions as well as for the dissociation energy of (CH 3 -HCl). a The results correspond to the structures optimized at the all-electron (AE) UCCSD(T)/aug-cc-pCVTZ level of theory. b The results correspond to the structures optimized at the AE-UCCSD(T)/aug-cc-pCVQZ level of theory. c The results correspond to the complete basis set limit (see Tables III-V and VII and VIII) . 
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Potential computational time, we used a composite approach, where the energies are defined as
In Table X we present results testing the performance of this composite method. For 15 configurations with energies up to 13 000 cm −1 above Cl + CH 4 (eq) we found that this composite method gives AE-CCSD(T)/aug-cc-pCVQZ high-quality results with an RMS of only 130 cm −1 , whereas the RMS errors of CCSD(T) with the aug-cc-pVDZ and aug-cc-pVTZ bases are 1260 and 390 cm −1 , respectively (for more details see Table X ). Furthermore, the composite method reduces the computational time by factors of about 1000 and 5 relative to AE-CCSD(T)/aug-cc-pCVQZ and CCSD(T)/aug-cc-pVTZ, respectively. These test results indicate that the present composite approach outperforms CCSD(T)/aug-cc-pVTZ, which is usually referred to as "high" or "benchmark" level of theory in papers on Cl + CH 4 . (We successfully applied a similar composite method to the F + CH 4 reaction, 8 which used FC-UMP2/aug-cc-pVTZ instead of AE-UMP2/aug-cc-pCVTZ in Eq. (3). The method used for F + CH 4 is computationally slightly less expensive, but gives a RMS of 335 cm −1 for the Cl + CH 4 reaction, whereas Eq. (3) gives RMS of only 130 cm −1 .) As mentioned in Sec. II, the SO interaction plays an important role in the entrance channel, since it effectively increases the barrier height and the reaction endoergicity by 294 cm −1 and has a significant effect on the entrance channel vdW well. In order to account for the SO effect, differences between the SO and non-SO ground state electronic energies obtained by MRCI + Q/aug-cc-pVTZ were added to the composite non-SO energies at 1598 ClCH 4 configurations in the entrance channel. The 1598 configurations were selected from the total set of configurations based on the following geometrical requirements: corrections as a function of the C-Cl distance are shown in Fig. 5 for the CH-Cl and HC-Cl linear bond arrangements. As seen, the absolute SO corrections start to decrease from the asymptotic atomic limit at about 4 Å and the effect almost vanishes around a 2 Å C-Cl distance. Figure 5 also shows that SO correction depends on the orientation of CH 4 and the effect is larger at HC-Cl configurations than at CH-Cl. Finally, since there is significant BSSE in the entrance channel, which affects the depth of the vdW well (see Fig. 1 middle panels) , counterpoise corrections were computed at the AE-UMP2/aug-cc-pCVTZ level of theory at the above-mentioned 1598 entrance channel configurations. Note, that these BSSE corrections are almost independent on the method; thus, the BSSEs at UCCSD(T)/aug-cc-pVDZ and UMP2/aug-cc-pVDZ cancel in Eq. (3). This BSSE cancellation in the case of the smaller basis set computations is a nice demonstration of the utility of the composite electronic structure methods. Since the well in the exit channel is much deeper than that in the entrance channel, the relative error caused by BSSE is less significant in the exit well. The basis set dependence as well as the "BSSE-free" CBS limit of the D e of (CH 3 -HCl) is shown in Table IV , indicating an about 10% BSSE for the D e using the aug-cc-pVTZ basis. Although we did not apply BSSE correction in the exit channel, the PES reproduces the benchmark D e very well (only 4% deviation) as we show below in Sec. III C.
B. Fitting the ab initio energies
The initial dataset included roughly 14 000 configurations in the complex region (ClCH 4 ) as well as 2000, 2000, 2000, and 1000 data points for the fragment channels Cl + CH 4 , HCl + CH 3 , H 2 + CH 2 Cl, and H + CH 3 Cl, respectively. We selected these configurations using the F + CH 4 dataset, 8 which was obtained by running low-level direct dynamics computations. Furthermore, the dataset for Cl + CH 4 was augmented with randomly displaced configurations of well-known ClCH 4 stationary-point structures. After applying an energy cutoff of 50 000 cm −1 the final number of data points was roughly 16 000. The PES was represented by a polynomial expansion in variables y ij = exp(−r ij /a), where r ij are the inter-atomic distances and a was fixed at 2 bohr, using a polynomial basis that is invariant under permutations of the four identical H atoms. Including all terms up to total degree six, 3262 coefficients were determined by a weighted linear least-squares fit of the above-mentioned 16 000 energy points. In the fit a configuration at energy E relative to the global minimum had weight E 0 /(E + E 0 ), where E 0 = 11 000 cm −1 . The RMS fitting errors are 72, 128, and 347 cm −1 for energy intervals (0, 11 000), (11 000, 22 000), and (22 000, 50 000) cm −1 , respectively. Note that the RMS fitting error up to 22 000 cm −1 is below the expected accuracy of the data points (see Table X ); thus, the fit does not compromise the accuracy of the PES. We carried out two fits, one to the non-SO data points and another to the SO-corrected ab initio data. As a result, we obtained the PESs for the 4 and CH 3 Cl] levels of theory. The highly accurate relative energies were obtained from the focal-point analysis as given in Table IX . d All the bond lengths (r) are in Å and the bond angles (α) are in degrees. See Fig. 2 for the notations. e The SO energy shift is obtained from the experimental Cl atom splitting (ε = 882 cm −1 ), as ε/3 = 294 cm −1 .
non-SO and SO ground electronic states of the Cl + CH 4 reaction, hereafter we denote these PESs as non-SO PES and SO PES, respectively. We gave the RMS errors for the SO PES above; the RMS values for the non-SO PES are the same within 5 cm −1 .
C. The accuracy of the potential energy surface
Properties of the global PES and their comparison to new benchmark ab initio data are given in Tables XI and  XII for the abstraction and substitution reactions, respectively. As seen, the structures obtained from optimization on the PES are often more accurate than those obtained from direct CCSD(T)/aug-cc-pVTZ computations, compared to high-level ab initio data (AE-CCSD(T)/aug-cc-pCVTZ and AE-CCSD(T)/aug-cc-pCVQZ for the saddle points and minima, respectively). For the abstraction reaction the SO PES has a classical barrier height, D e for (CH 3 -HCl), and endoergicity of 2648, 854, and 2010 cm −1 , respectively. The corresponding benchmark FPA values are 2669, 821, and 2091 cm −1 . This agreement between the PES and benchmark values is extremely good, especially considering that the CCSD(T)/aug-cc-pVTZ level of theory, after applying the correct SO shifts, gives energies of 3005, 880, 2541 cm −1 , respectively. This shows that even if we use as high level of theory as CCSD(T)/aug-cc-pVTZ we overestimate the barrier height and endoergicity by 336 and 450 cm −1 , respectively, whereas the corresponding errors of the PES for these two key energies are only 21 and 81 cm −1 . This is the first PES, to our knowledge, that describes the high-energy substitution reaction as well as the abstraction reaction. As Table XII shows, the PES reproduces the substitution barrier height and reaction endoergicity better than the CCSD(T)/aug-cc-pVTZ level of theory and the substitution saddle-point structure is accurate as well.
In Sec. II B we described the benchmark ab initio characterization of the entrance channel vdW region and showed the results in Fig. 1 . In Fig. 1 we also show the entrance channel potential curves along the C-Cl distance obtained from the non-SO and SO PESs. As seen the agreement between the PES values and the best ab initio curves is very good. The PES nicely describes the dependence of the well depth on the orientation of the reactants and the SO effect is also quantitatively described. Figure 1 also reveals the relatively poor accuracy of the CCSD(T)/aug-cc-pVDZ level of theory and shows that the PES is of high accuracy in this region as well.
The harmonic frequencies of the reactant, products, saddle points, and the (CH 3 -HCl) complex obtained from the PES and direct ab initio computations at CCSD(T) with aug-cc-pVDZ and aug-cc-pVTZ bases are given in Tables XIII-XV. (The differences between the frequencies obtained with the two basis sets indicate the uncertainty of the ab initio data.) Note that the composite method used for the PES development [Eq. (3)] is even more accurate than CCSD(T)/aug-cc-pVTZ, as we showed above; thus, we cannot expect exact agreement between the PES and the above mentioned ab initio frequencies. Nevertheless, the CCSD(T)/aug-cc-pVTZ frequencies can serve as benchmark data when checking the accuracy of the PES. In contrast to previous PESs and semi-empirical Hamiltonians 12 which have sizeable errors for some of the frequencies (errors larger than 100 cm −1 were not rare), the present PES provides frequencies usually with only a few cm −1 deviations from the benchmark ab initio results. The interested reader can consult Tables XIII-XV for the detailed data; now we just mention one interesting fundamental. The PES shows that the H-Cl stretching in the (CH 3 -HCl) complex is redshifted by 147 cm −1 relative to the frequency of the free HCl molecule. The direct ab initio CCSD(T)/aug-cc-pVTZ computations provide a redshift of 156 cm −1 showing the excellent performance of the PES for a challenging spectroscopic datum.
IV. QUASICLASSICAL TRAJECTORY CALCULATIONS
A. Computational details
QCT calculations of the Cl( 2 P, 2 P 3/2 ) + CH 4 (v = 0) → HCl(v, J) + CH 3 (n 1 n 2 n 3 n 4 ) and H + CH 3 Cl reactions were performed using the global non-SO and SO PESs. We employed standard normal mode sampling 55 and small adjustments to the velocities to prepare the quasiclassical vibrational ground state (v = 0 and J = 0) of CH 4 . The initial distance of the Cl atom from the center of the mass of CH 4 was √ x 2 + b 2 , where b is the impact parameter and x was set to 10 bohr. The orientation of CH 4 was randomly rotated and b was scanned from 0 to 7 bohr with a step size of 0.5 bohr. Five thousand trajectories were computed at each b; thus, the total number of trajectories was 75 000 for each collision energy (E coll ). (Note that at E coll = 1280 cm −1 we increased b with a smaller step size of 0.125 bohr; thus, we computed 285 000 trajectories, because at this E coll detailed experimental rotational distribution data are available.) We have run QCTs at several collision energies in the wide 1050-20 000 cm −1 range. All the trajectories were integrated using 0.0726 fs integration step allowing a maximum of 20 000 time steps (∼1.5 ps). (Most of the trajectories finished much faster, i.e., within a few hundred fs.) The trajectories were analyzed with and without any ZPE constraint. Following Ref. 28 , the ZPE constrained analysis considers trajectories in which CH 3 or CH 3 Cl has at least the corresponding ZPE. We also tested the soft ZPE constraint, which discards trajectories if E vib (HCl) + E vib (CH 3 ) is less than the sum ZPE(HCl) + ZPE(CH 3 ) or E vib (CH 3 Cl) is less than ZPE(CH 3 Cl). We found that this soft ZPE constraint gives similar cross sections and reaction 
P(b)
b / bohr E coll = 18 000 cm
Cl ( probabilities as the above-described constraint based only on the polyatomic products.
B. Reaction probabilities and cross sections (abstraction vs. substitution and SO vs. non-SO)
First, we consider high-energy calculations where the substitution reaction can occur. Reaction probabilities as a function of impact parameter at different E coll in the 14 000-20 000 cm −1 range are shown in Fig. 6 . Without ZPE constraint the abstraction reaction has about 10% probability at b = 0 and this remains nearly constant over a large impact parameter range up to 4.5 bohr, where the probability begins to decay rapidly and vanishes around 6 bohr. The ZPE constraint has a significant effect on the abstraction probabilities, since roughly half of the CH 3 products violate ZPE even at these high collision energies and the ZPE violation is larger as b increases. The substitution channel is just slightly open at E coll = 14 000 cm −1 and the probability of substitution increases rapidly as the E coll increases. As Fig. 6 shows, at E coll = 18 000 and 20 000 cm −1 the substitution reaction dominates over abstraction at small b, since P(b = 0) is 20% and 40% for the substitution at the above E coll s, respectively. This dominance is even more pronounced if we apply ZPE constraint, since the CH 3 Cl products almost never violate ZPE, whereas the abstraction probabilities are much smaller when the constraint is applied. The b dependence of the abstraction and substitution probabilities is very different. For the substitution channel the P(b) decreases rapidly from 0 to b max , where b max is only about 2 bohr. This small b max value is close to the C-H distance in CH 4 or, in other words, b max is roughly the radius of a circle, which goes through 3 H atoms of CH 4 . For the abstraction channel, beside the direct rebound mechanism at smaller b, there is also a possibility for abstraction at larger impact parameters via the so-called stripping mechanism. Figure 6 indicates significant reactivity of the abstraction with both mechanisms. Figure 7 shows the total cross sections for both channels obtained on the non-SO PES as well as on the SO PES. As seen, at low E coll only the HCl + CH 3 channel is open and the H + CH 3 Cl channel opens at around 13 000 cm −1 . The H/HCl ratio increases from the threshold and the ratio is around 0.2 at E coll = 20 000 cm −1 if all the reactive trajectories are considered. This ratio is very sensitive to the ZPE issue, since only the abstraction channel has significant ZPE violation. Thus, the constrained QCT analysis results in an H/HCl ratio around 0.6 at E coll = 20 000 cm −1 . (Note that at E coll = 20 000 cm −1 the H/HCl ratio is about 4 at b = 0; however, in the integral cross sections the probabilities at larger b dominate favoring the abstraction channel.) The SO correction effectively increases the barrier heights of both channels by 294 cm −1 . As a result, we see smaller cross sections on the SO PES relative to those on the non-SO PES. At low E coll the effect is quite significant, since the non-SO/SO cross section ratio is between 2.5 and 1.5 in the E coll range of 1050 and 3500 cm −1 . The ratio tends to 1 as the E coll increases; however, even at E coll = 15 000-20 000 cm −1 there is a 10% enhancement on the non-SO PES relative to the cross sections on the SO PES. Even if the substitution reaction has a very high barrier, we see a 10-30% increase of the cross sections when the SO correction is not included in the PES. These non-SO/SO ratios are not sensitive to the ZPE treatment as also shown in Fig. 7 (middle panels).
C. HCl vibrational distributions
The HCl vibrational distributions have been computed as a function of E coll . As Fig. 8 shows, up to about E coll of 7000 cm −1 the Cl( 2 P 3/2 ) + CH 4 (v = 0) reaction produces HCl molecules almost exclusively in the vibrational ground state, although the energetic thresholds for HCl(v = 1) and HCl (v = 2) are 3300 and 6100 cm −1 , respectively. These results support a simple vibrationally adiabatic picture, which says that the ground state reactants correlate adiabatically with vibrationally ground state products. (Note that an experiment observed similar results for the Cl + CHD 3 
7 ) Even at as high E coll as 20 000 cm −1 , the population of HCl(v = 0) is still 80% and the minor HCl(v = 1) and HCl(v = 2) states are 17% and 3%, respectively. This is an unusually cold vibrational distribution, especially given that at E coll = 20 000 cm −1 vibrational states of HCl are energetically available up to v = 7. Note that the exoergic early-barrier F + CH 4 (v = 0) reaction produces vibrationally excited HF products, where the HF(v = 2) is the most populated state (close to 70%) at low collision energies, 8 e.g., E coll = 630 cm −1 . At E coll = 20 000 cm −1 the available energy in Cl + CH 4 is roughly twice than that in F + CH 4 at E coll = 630 cm −1 ; however, the vibrational distribution is much colder in Cl + CH 4 , showing that the dynamics cannot be explained/predicted based simply on energetics.
D. HCl rotational distributions
Next we consider the HCl(v = 0, J) rotational distributions for the Cl( 2 P 3/2 ) + CH 4 (v = 0) reaction at different collision energies. These were reported by three experimental groups at a low E coll of 1280 cm −1 , showing extremely cold rotational populations. [4] [5] [6] QCT studies have been struggling to reproduce this rotational distribution using a variety of PESs and semi-empirical Hamiltonians, and instead produce a too-hot distribution. In a recent paper, 28 it was stated that ". . . QCT calculations are missing an important dynamical feature that quenches the HCl rotational motion." The conclusion was based on the fact that HCl(v = 0, J) distribution, again quoting from Ref. 28 "is virtually identical to those obtained with the SRP-MSINDO PES and with the high quality ab initio PES of Ref. 27 ." In Fig. 9 we present QCT results obtained by using the current PES and, as seen, the agreement between theory and experiment 6 is excellent, confirming the measurement of Murray et al. 6 and Varley and Dagdigian 5 showing the peak feature at J = 1. These results demonstrate that QCT is able to provide good agreement with experiment if an accurate PES is used. Figure 9 also shows that in order to achieve this excellent agreement, a zero-point energy constrained binning has to be used. Nevertheless, even if all the trajectories are considered the rotational distribution still peaks at J = 1, although it has small probabilities even at larger J values. distribution agrees much better with experiment than any previous computed results.
Since only a few HCl rotational states are open, we have investigated the effect of the use of different techniques for obtaining quantized rotational distributions from the classical ones. First, the classical rotational angular momentum j was determined using the center of mass coordinates and momenta of the HCl product in Cartesian space. Second, the quantum number J was assigned by employing three different techniques via
where nint denotes rounding to the nearest integer value. Equation (5) is based on the quantum mechanical expression for the eigenvalues of theĴ 2 operator as described, for example, in Ref. 55 . Equation (6) uses a semi-classical approximation and Eq. (7) is purely classical. In Fig. 10 the HCl rotational distributions are shown obtained by using the above defined three different techniques. The quantum and semiclassical J(j) functions [Eqs. (5) and (6), respectively] converge to each other with increasing J and for J ≥ 2 virtually no difference is seen between the rotational populations as shown in Fig. 10 . For J = 0 Eq. (5) gives slightly smaller probability than Eq. (6) does, since Eqs. (5) and (6) assign J to 0 if j ∈ (0, 0.87) and (0, 1.00), respectively. In contrast, Eq. (7) gives J = 0 for j ∈ (0, 0.50); thus, this third approach provides substantially smaller J = 0 population and slightly hotter rotational distributions. As Fig. 10 shows, the HCl (5)- (7). In all cases the QCT study considers ZPE constrained trajectories in which CH 3 has at least zeropoint vibrational energy. rotational distributions obtained by the quantum and semiclassical expressions are virtually identical peaking at J = 1, in almost exact agreement with experiment, whereas Eq. (7) shifts the peak to J = 2. In our previous studies on F and Cl + CH 4 , 8, 10, 18 we employed the quantum expression [Eq. (5)]. Even if we used Eq. (7) for computing the HCl rotational distributions, we would get reasonably good agreement with experiment and much colder distributions than previous QCT studies reported. 28 In Fig. 11 the HCl(v = 0, J) rotational distributions are shown at different E coll in the range of 1280-20 000 cm −1 . As expected, the distributions become hotter as the E coll increases; however, considering the available energy these distributions are still cold. Even at the high E coll of 7000 and 12 000 cm −1 the HCl(v = 0, J) distributions peak at J = 2 and 4, respectively.
The HCl rotational distributions from reactions of Cl with alkanes have been discussed in detail by Murray and Orr-Ewing.
14, 56-59 They conclude that a combination of kinematics plus post-transition-state (post-TS) interactions between the incipient HCl plus alkyl products play important roles in the resulting HCl rotational distributions. In the present case, the radical products CH 3 and HCl have a strong post TS interaction, as noted above. The favored orientation of this interaction is of C 3v symmetry, as shown in Fig. 2 , which is exactly the symmetry of the abstraction TS. This symmetry is maintained along the minimum energy path through the exit channel well. Furthermore, the rotation of HCl is significantly hindered in the well even at long CH 3 -HCl separations, as shown in Fig. 3 . The present PES describes this hindering potential very accurately compared to direct ab initio CCSD(T)/aug-cc-pVTZ computations as also shown in Fig. 3 . Therefore, the exit channel well tends to align the incipient products and thus "counteracts" rotation due to post-TS energy release. An examination of numerous trajectories confirms this and so this post-TS alignment effect is a likely major contributor to the cold HCl rotational distributions in the Cl + CH 4 reaction.
E. CH 3 mode-specific vibrational distributions
Finally, we have computed mode-specific CH 3 (n 1 n 2 n 3 n 4 ) vibrational distributions for the Cl( 2 P 3/2 ) + CH 4 (v = 0) reaction at different collision energies as shown in Fig. 12 . The normal-mode analysis of the CH 3 products and the Gaussian binning, based on the total vibrational energy, of the vibrational states were done as described in detail in Ref. 10 . As  Fig. 12 shows the CH 3 vibrational distributions are very cold, even at the high E coll of 20 000 cm −1 the vibrational ground state is the most populated state and the stretching modes are not excited. The excitation of the bending modes, especially the low frequency umbrella mode (v 2 ), is seen; however, the populations of the excited states are small. The CH 3 (v 2 = 1) state has the most significant population among the excited states; however, CH 3 (v = 0) has about 4 times larger population than CH 3 (v 2 = 1). At E coll = 1280 cm −1 Greaves et al. 28 reported similar CH 3 vibrational distributions. They also found no stretching excitations as expected on energy conservation grounds, noted correctly by the authors. 28 Our study reveals that even if we increase E coll to 20 000 cm −1 , there is still no stretching excitation, which cannot be simply predicted based on the available energy.
We also checked the rotational distribution of CH 3 , which was found to be cold as well. In summary, QCT shows that both the HCl and CH 3 ro-vibrational distributions are very cold even at high collision energies; therefore, most of the available energy is transferred into the translational motion of the products.
V. SUMMARY AND CONCLUSIONS
One of the main challenges of first-principles simulations of the dynamics of polyatomic reactions is the development of the PES, whose accuracy determines the quality of results obtained from nuclear motion calculations using the PES. We have developed an accurate PES for a fundamental polyatomic bimolecular reaction, Cl + methane, based on a permutationally invariant fit to roughly 16 000 ab initio electronic energies. The energies were obtained by a composite ab initio method based on explicit CCSD(T)/aug-cc-pVDZ, allelectron-MP2/aug-cc-pCVTZ, and MP2/aug-cc-pVDZ computations. We have shown that this composite approach outperforms the computationally more expensive CCSD(T)/augcc-pVTZ level of theory; thus, it could be a great help for any future work on similar reactions. Furthermore, we employed spin-orbit and counterpoise corrections for the entrance channel. As a result, the present PES is of unprecedented accuracy, which was proved by comparing stationary-point structures, energetics, and frequencies to new benchmark values.
The global PES describes both the abstraction (HCl + CH 3 ) and substitution (H + CH 3 Cl) channels. Both reactions are endoergic and have late barriers with product-like C 3v saddle-point structures. Note that the seemingly similar F + CH 4 abstraction reaction has a very low early barrier with a bent (C s ) saddle point. 8 The new benchmark energetics was obtained by the composite FPA approach. 29, 30 We have shown that the CCSD method overestimates the barrier heights by roughly 40% and 10% for the abstraction and substitution reactions, respectively. The "gold standard" CCSD(T) method describes the electron correlation much better, since the above relative discrepancies become only 2% and 1%, respectively, when comparing to CCSDT(Q) results. The basis set effects on the barrier heights are also significant, since the aug-ccpVTZ basis, which is considered "large" in Cl + CH 4 papers, overestimates the abstraction and substitution barrier heights by roughly 10% and 3%, respectively. The core correlation and scalar relativistic effects turned out to be not significant on the barrier heights and reaction enthalpies, but one must consider the spin-orbit correction, which increases the abovementioned relative energies by 294 cm −1 . We have performed QCT calculations both on the non-SO and SO ground state PESs. For the first time, we showed that at collision energy of ∼13 000 cm −1 the substitution channel opens and at collision energy of 20 000 cm −1 the H/HCl ratio is about 0.2-0.6 with high sensitivity to the ZPE treatment for the abstraction channel. The two channels have very different impact parameter, b, dependence; the probability of the abstraction reaction at high collision energies is almost b-independent up to b = 4.5 bohr and drops between 4.5 and 6 bohr. On the other hand, the maximal b of the substitution is only 2 bohr and the probability decays rapidly as the b increases from 0 to 2 bohr. The QCT calculations show that the spin-orbit correction decreases the abstraction cross sections by a factor of 1.5-2.5 at low collision energies. Regarding the HCl and CH 3 product state distributions, we have found that the Cl + CH 4 (v = 0) reaction mainly produces HCl(v = 0) and CH 3 (v = 0) molecules even at high collision energies, where many vibrational states are energetically available, following a vibrationally adiabatic picture as was previously predicted by an experiment on Cl + CHD 3 (v = 0) → HCl(v) + CD 3 (v = 0). 7 The HCl(v = 0, J) rotational distributions have been found to be also cold, in agreement with experiment. 6 The present study shows that QCT can reproduce experiment if an accurate PES is used. The agreements between the computed and measured HCl rotational distributions and the benchmark and PES energetics suggest that the predictions on the high-collision energy dynamics involving the substitution channel could be a realistic guidance for future experimental investigations. Furthermore, the present high-quality Cl + methane PES opens the door for many future quasiclassical and (at least in reduced dimensionality) quantum nuclear motion computations. These quantum calculations could provide insight into the effects of tunneling and reactive resonances, which could be important at low collision energies. Even if our study demonstrates that the dynamics can be well described on the ground state SO surface, a further direction of future research could consider the development of fulldimensional PESs for the excited SO states allowing study of the non-adiabatic dynamics.
